ABSTRACT This paper designs an adaptive sliding mode speed controller (ASMSC) that can compensate for parameter uncertainty of an interior permanent magnet synchronous motor (IPMSM) drive. Unlike the previous control systems, the proposed ASMSC guarantees a precise speed tracking capability in the presence of severe parameter variations without accurate knowledge on the motor parameter values and uncertainty bounds. In particular, the proposed adaptive switching gain tuning (ASGT) term can effectively solve the excessive input energy consumption problem due to an unnecessarily overestimated switching gain. Next, the convergence and stability analysis are proven through a Lyapunov function. The feasibility of the proposed approach is verified via experimental results using a prototype IPMSM test bed with a TI TMS320F28335 digital signal processor. In this paper, the proposed SMSC is investigated with two control terms: without an ASGT term and with an ASGT term. In addition, the conventional proportional-integral speed controller and conventional linear matrix inequalities based sliding mode speed controller are chosen for the performance comparison. Finally, the proposed ASMSC can assure more robust and faster speed performances against the parameter uncertainty under three dynamic load conditions. INDEX TERMS Adaptive sliding mode speed controller (ASMSC), adaptive switching gain tuning (ASGT), interior permanent magnet synchronous motor (IPMSM), parameter uncertainty compensation.
I. INTRODUCTION
Even though an interior permanent magnet synchronous motor (IPMSM) has many advantages such as low maintenance expense, high efficiency, and high power density [1] , it is not easy to accurately control the speed in a wide operating range because of its nonlinear magnetic characteristics and coupling terms between the dq-axis currents and the rotor speed [2] . In addition, the IPMSM drives face the parameter uncertainty caused by a magnetic saturation and temperature change during operation [3] . Therefore, advanced nonlinear control strategies are required, which can guarantee the better control performance during the transientstate (e.g., fast dynamic response and robustness to the system uncertainty) than the classical linear control methods such as proportional-integral (PI) control and linear quadratic regulator (LQR) under severe load conditions (i.e., speed step change and load step change) in the presence of severe parameter variations.
Recently, various nonlinear control methods for an IPMSM drive have been implemented, such as fuzzy control [4] , neural network control [5] , optimal control [6] , feedback linearization control [7] , back-stepping control [8] , and predictive control [9] . Though the fuzzy controller [4] shows the appropriate results, the control algorithm is fairly complex owing to the increase in the number of the fuzzy rules, which does not consider the parameter uncertainties. In [5] , the neural network controller is introduced to the precise speed control of an IPMSM drive system. In this control method, the good performance can be achieved and the problem of the system uncertainty is well solved. However, this approach brings on a computational burden because of a complicated algorithm. In [6] , the nonlinear optimal controller is successfully applied to the motor drives. Nevertheless, it needs the full knowledge regarding the parameters of an IPMSM. The feedback linearization controller in [7] has been developed without considering the mathematical parameter uncertainties. In [8] , the back-stepping control is a newly developed technique to effectively control the uncertain nonlinear systems. However, the control performance in the transient-state is not satisfied. In [9] , the predictive control is successfully applied to the PMSM drives. However, this approach requires a huge computational effort to solve the optimization problem at each sampling instant. Although the above nonlinear controllers have better transient-state performance than the linear controllers, they still have a difficulty in compensating for the parameter uncertainty under dynamic load conditions.
To compensate for the parameter uncertainty of motor drive systems, there have been several researches on the way [2] , [10] - [13] . In [2] , the suboptimal controller is presented for the IPMSM drive with a disturbance observer. Although the results are satisfied, the structure of the controller is complex to implement. In [10] , the online parameter estimation algorithm is reported to design the conventional PI controller, which shows a better performance than the conventional PI controller because the estimated values of motor parameters are applied to the controller in real time. However, the small range of parameter variations is considered for the performance verification. In particular, the adaptive control theory is utilized to compensate for parameter uncertainty due to its characteristics that can well estimate the unknown values [11] - [13] . In [11] , the adaptive controller is designed for IPMSM drive system, which shows the robustness against motor parameter variations. However, the system stability is not proven, and the number of parameters considering the variations is limited (i.e., only dq-axis inductances). Even though the papers [12] , [13] show the satisfied results, the range of parameter uncertainties and experimental cases are limited, so it is not enough to comparatively verify the control performance of the proposed methods.
Meanwhile, it is known that the sliding mode control (SMC) is robust against system uncertainty [14] . However, the SMC consumes a large input energy due to an overestimation by the switching gain of SMC. Therefore, the adaptive SMC that combines the advantages of each control method has been widely used to control the induction motor (IM) drive and design the observer [15] - [17] . In [15] , the adaptive sliding mode observer (SMO) is presented to select the proper gains in real time for permanent magnet linear synchronous motors. However, there are no experimental results under parameter variations. In [16] , the adaptive fuzzy sliding mode controller for IM drives shows the robustness under the reference speed change. However, it is not easy to implement this control method and choose the membership functions.
In [17] , although it shows a remarkable analysis by Lyapunov theory, it proves the high performance by only simulation results without any experimental results.
Considering the above facts, this paper presents an adaptive sliding mode speed controller (ASMSC) which can compensate for parameter uncertainty for an IPMSM drive. Unlike the conventional PI speed controller (PISC), the proposed control strategy first has a remarkable speed tracking capability in the presence of the uncertainty in an IPMSM drive since it does not need the accurate knowledge on the motor parameter values. Second, the proposed adaptive switching gain tuning (ASGT) algorithm can solve the excessive input energy consumption problem due to an unnecessarily large fixed switching gain as an online gain tuning strategy. Third, the convergence and stability analysis is implemented by the Lyapunov function. Last, the proposed AGST algorithm is much simpler than other adaptive estimation algorithms [10] , [18] because the former estimates only the switching gain value whereas the latter estimates several key motor parameters. The overall performance of the proposed approach is demonstrated via a prototype IPMSM test-bed with a TI TMS320F28335 digital signal processor (DSP). In this paper, the proposed sliding mode speed controller (SMSC) is studied with two control terms: without an ASGT term and with an ASGT term. Also, to compare the performance of the proposed control scheme, comparative studies are implemented with the conventional PISC [19] and linear matrix inequalities (LMI) based SMSC [20] . It is clearly validated that the proposed ASMSC can guarantee more robust and faster transient performance against the parameter uncertainty under the dynamic load conditions (i.e., sudden speed change, sinusoidal speed change, and sudden load torque change) of an IPMSM drive. Finally, the proposed ASGT term can be utilized for various controller designs such as position controller, current controller, and torque controller.
II. AN ADAPTIVE SLIDING MODE SPEED CONTROLLER DESIGN TO COMPENSATE FOR PARAMETER UNCERTAINTY A. DYNAMIC MODEL OF AN IPMSM
The dynamic system model [2] of an interior permanent magnet synchronous motor (IPMSM) in the synchronously rotating d-q reference frame can be derived as follows:
where h i > 0 (i = 1, . . . , 4) are the parameter values given by
. Also, i d and i q are the d-axis and q-axis currents, ω is the electrical rotor speed, T L is the load torque disturbance input, p is the number of poles, J is the rotor inertia, λ m is the magnet flux linkage, B is the viscous friction coefficient, and L d and L q are the d-axis and q-axis inductances, respectively. In this paper, two assumptions are used as follows: First, the speed reference ω r and T L change slowly for a short sampling period [2] . Second, |T L | < ϕ L where ϕ L is the maximum bound of the load torque disturbance. It is noted that ω, i q , and i d are available, and T L is unknown.
B. SLIDING MODE SPEED CONTROLLER DESIGN WITHOUT AN ADAPTIVE SWITCHING GAIN TUNING (ASGT) TERM
A sliding mode controller design problem involves two design tasks: sliding surface design and switching feedback control design. First, a sliding surface is designed such that the reduced order sliding mode dynamics restricted to the sliding surface is stable. Then, a switching feedback control strategy is selected such that the reachability condition holds.
Let us define the rotor speed error as follows:
where ω r is the rotor speed reference and e 2 is the rotor speed error. In addition, the sliding surface (σ ) is chosen as
where γ is an arbitrary positive number, which should be selected by the gain tuning rule [21] . On the sliding surface, σ =σ = 0 and γ e 1 + e 2 = 0 leading toė 1 = −γ e 1 , i.e. the sliding mode dynamics restricted to the surface (3) is exponentially stable with a decay rate γ . Note that the sliding surface (3) is widely used in the sliding mode control algorithm for the permanent magnet synchronous motor (PMSM) drives [22] - [24] because it not only has a simple structure but also achieves a high performance in the steady-state. According to the above assumptions and (2), the following equations are derived:
By using the sliding mode control, the proposed SMSC can be represented as
where δ is an arbitrary positive number. Note that (5) consists of the linear PI-type feedback control term (−δσ ) that can achieve the exponential decay of errors and the nonlinear compensating control term (−ρ(t)SGN (σ )) that can guarantee the insensitiveness to the load torque variations and uncertainties on the motor parameters J , λ m , B, L d , and L q . Consequentially, the control output (i qr ) forces the sliding surface (3) to be equal to zero. Next, the switching gain (ρ(t)) is given by the following equation, which guarantees the stability and induces a sliding motion on the surface in finite time:
where
To alleviate the undesirable chattering phenomenon that leads to unacceptable control performance, the simplest method is to replace the discontinuous function SGN(σ ) with a continuous approximation such as σ/(|σ |+κ i ) where κ i > 0 is a design parameter [20] .
In this paper, the q-axis reference current (i qr ) is provided by the output of the speed control loop, whereas the d-axis reference current (i dr ) is set by the maximum torque per ampere (MTPA) technique [20] that is adopted to increase the torque production in the constant torque region.
By using (1), (3), and (4), the time derivative of the sliding surface (σ ) can be obtained as follows:
The Lyapunov function of the proposed SMSC is defined as
Then, the time derivative of V (t) is achieved as follows:
where |T L | < ϕ L is used. By using h 1 + h 4 µi 2 q ≥ h 1 and (6), the above equation can be reduced to
The above inequality (11) implies that the reachability condition holds for all nonzero σ . Finally, the convergence and stability of the speed error can be concluded by the standard sliding mode control theory [21] . It should be noted that if the precise values of h i are unknown but the bounds h im ≤ h i ≤ h iM are known then the switching gain ρ(t) of (6) cannot be used, so it should be replaced with the following gain:
which is much larger than the switching gain of (6).
C. SLIDING MODE SPEED CONTROLLER DESIGN WITH AN ADAPTIVE SWITCHING GAIN TUNING (ASGT) TERM
Based on the proposed SMSC (5), the proposed ASMSC is designed as follows:
In the proposed ASMSC (13), the compensating control term (−ρSGN (σ ) ) can not only assure the robustness against parameter uncertainties of an IPMSM, but also enhance the transient performance with a variable switching gain in real time.
Note that the adaptive tuning law utilizes the estimated value (14) because its exact value is unknown. The estimated switching gain valueρ through the proposed ASGT term is obtained in real time below.
where ϕ i > 0 (i = 1, 2, 3) are the adaptation values, which determine the adaptation speed of the switching gain (ρ). Using a fast adaptation law leads to an improved tracking performance, but simultaneously it can have a poor robustness that affects the stability of the control system. In general, there typically exists a tradeoff between the control stability and adaptation margins. Thus, the adaptive switching gain (ρ) should be selected by carefully observing the trade-off between the transient response and control stability [25] . As can be seen in the proposed ASGT term (14) , ξ is estimated by the sum of multiplying the absolute value of the sliding surface (σ ) by the ζ . As a result, the electrical and mechanical parameters of the IPMSM are removed. In other words, the proposed ASMSC does not require any accurate knowledge on the motor parameters unlike the conventional sliding mode controllers [20] . Remark 2: From the proposed AGST term (14) , it can be seen that the estimate ofρ may increase indefinitely when the speed error is not equal to zero. Then it may cause a high switching gain in the control system. In order to overcome this problem, the adaptation rule forξ given in (14) can be modified as below.
It is shown from (15) that the adaptation stops when the weighted speed error (σ = γ e 1 + e 2 ) becomes smaller than a prescribed value τ . The detailed discussion about this technique to alleviate the parameter drift phenomenon is given in [26] and [27] . Also, the proposed ASGT term can solve the excessive input energy consumption problem due to an unnecessarily large fixed switching gain as an online gain estimation method. Fig. 1 exhibits the control block diagram of the proposed ASMSC. As shown in Fig. 1 , the parameter uncertainty compensator makes an ASGT term (14) choose the proper gain (ρ) in real time.
The Lyapunov function of the proposed ASMSC is defined as
whereξ i = ξ i −ξ i and η i = h 1 ϕ i . Then the time derivative of V (t) is obtained by using Lyapunov theory below.
This implies that σ converges exponentially to zero and then the proposed ASMSC guarantees the convergence and stability. Fig. 2 shows the overall flowchart to drive an IPMSM by the proposed ASMSC. As depicted in Fig. 2 , the proposed ASGT term (14) is decided by the error dynamic model (2) to appropriately tune the switching gain of the proposed ASMSC (13) . In order to generate the d-axis reference current (i dr ), the maximum torque per ampere (MTPA) technique is utilized [20] .
III. COMPARATIVE PERFORMANCE EVALUATION A. EXPERIMENTAL SETUP FOR AN IPMSM DRIVE
To verify the effectiveness of the proposed ASMSC, a prototype IPMSM test-bed with a TI TMS320F28335 digital signal processor (DSP) is used with the specifications listed in Table 1 .
Remark 3: To evaluate the speed regulation performance of the proposed ASMSC, the conventional PI current controller in this paper is used in the inner loop of the cascade drive system since it can ensure its satisfactory performance such as fast dynamic response and constant electromagnetic torque throughout the entire rotation by a proper gain tuning methodology [28] , [29] . Meanwhile, the sampling frequency of the power converters restricts the bandwidth of the PI current controller. It is noted that in the paper, the sampling frequency (= 1/T s ) is equal to the switching frequency (f s ). Therefore, the bandwidth (i.e., f cc = 250 Hz or ω cc = 1570 rad/s) of the PI current controller (PICC) should be selected as a 20 times smaller value than the switching frequency (i.e., f s = 5 kHz) [30] , [31] . It is widely known that the bandwidth (ω sc ) of the PI speed controller (PISC) should be considerably smaller (e.g., in the range from 5 to 10 times smaller) than that (ω cc ) of the PICC in order to guarantee the accurate current tracking and fast speed dynamic response as presented in [30] - [33] . In this paper, the bandwidth (i.e., f sc = 35.7 Hz or ω sc = 224.3 rad/s) of the PISC is chosen as a 7 times smaller value than that (i.e., f cc or ω cc ) of the PICC.
In this paper, the proposed SMSC without an ASGT term is first designed, and then the proposed ASMSC (i.e., the proposed SMSC with an ASGT term) is designed to guarantee the high control performance under severe load conditions (i.e., sudden speed change, sinusoidal speed change, and sudden load torque change) including the parameter uncertainty. To highlight the performance of the proposed ASMSC, comparative studies are presented with the proposed SMSC without an ASGT term, the conventional PISC [19] , and the conventional LMI based SMSC [20] . Fig. 3 shows the overall block diagram and experimental setup of a prototype IPMSM drive. As illustrated in Fig. 3(a) , the q-axis reference current (i qr ) is generated by the proposed ASMSC, whereas the d-axis reference current (i dr ) is set by the maximum torque per ampere (MTPA) technique (7) .
To evaluate the transient-state response under the dynamic load conditions, three operating conditions are chosen as shown in Table 2 : Condition 1 − sudden speed change (i.e., ω r : 1000 ↔ 2000 r/min; T L : 1.0 N·m), Condition 2 − sinusoidal speed change (i.e., ω r : 1200 + 500sin(6.4π · t) r/min; T L : 1 N·m), and Condition 3 − sudden load torque change (i.e., ω r : 1500 r/min; T L : 0.5 ↔ 1.5 N·m). First, Condition 1 is selected to evaluate the transient performance when the speed reference (ω r ) suddenly changes at a constant load torque. Second, Condition 2 is adopted to assess the sinusoidal tracking capability that can be applied to industrial robots and electric vehicles applications. Third, Condition 3 is selected to evaluate the transient performance when the load torque (T L ) suddenly changes at a constant speed. In particular, to lessen the phase lag and steady-state error, the electrical frequency of the desired sinusoidal speed is mostly selected between 10% to 50% of the speed loop bandwidth [34] , so 3.2 Hz (about 16%) is chosen in the paper. However, it is not easy to change the actual motor parameters in the experiments because of its structure. Therefore, in order to exhibit the performance that compensates for parameter variations, the experiments are carried out with 150% uncertainties of electrical & mechanical parameters (i.e., R s , L q , L d , λ m , J , and B) by modifying the motor parameters in the controller instead of the actual motor parameters [2] . , i b ) . In this figure, the settling time (t s ) and rising time (t r ) of the proposed ASMSC (t s : 60.9 ms, t r : 49.9 ms) are shorter than those of the proposed SMSC without an ASGT term (t s : 75.9 ms, t r : 66.3 ms), the conventional PISC (t s : 78.1 ms, t r : 67.9 ms), and the conventional LMI based SMSC (t s : 78.6 ms, t r : 68.9 ms) after a sudden speed change. Besides, the speed steady-state error (e ss ) of the proposed ASMSC (e ss : 0.1 r/min) looks smaller than that of the proposed SMSC without an ASGT term (e ss : 1.0 r/min), (i a , i b ) . When the load torque is rapidly changed, a shorter settling time (t s ) verifies the faster recovery of the proposed ASMSC (0.8 ms) compared to the proposed SMSC without ASGT term (3.1 ms), the conventional PISC (8.9 ms), and the conventional LMI based SMSC (5.1 ms). Moreover, the speed steady-state error (e ss ) of the proposed ASMSC (0.4 r/min) is smaller than that of the proposed SMSC without ASGT term (0.9 r/min), the conventional PISC (1.1 r/min), and the conventional LMI based SMSC (0.8 r/min).
From Figs. 4-6 (i.e., Conditions 1−3), it is obviously assessed that the proposed ASMSC can remarkably guarantee the faster and more robust speed transient performance (i.e., t r , t s , t d , and e M ), and lower steady-state error (i.e., e ss ) than the proposed SMSC without ASGT term, the conventional PISC, and the conventional LMI based SMSC under the parameter uncertainties. Table 3 summarizes the comparative experimental results (i.e., t s , t r , t d , e ss , and e M ) of the four control schemes in three operating conditions without and with the parameter uncertainty: the proposed SMSC without and with an ASGT term, the conventional PISC, and the conventional LMI based SMSC.
IV. CONCLUSION
This paper proposes an adaptive ASMSC which does not require the accurate knowledge on the motor parameters and assures a fast speed transient performance to the variations of the parameter uncertainty in real time during the motor operation by an adaptive switching gain tuning (AGST) term. In addition, its convergence and stability are mathematically analyzed via Lyapunov function. A prototype IPMSM testbed with a TI TMS320F28335 DSP is used to demonstrate the superior tracking performance (i.e., fast and robust transient response and small speed tracking error) of the proposed SMSC with an ASGT term in comparison with the proposed SMSC without an ASGT term, conventional PISC, and conventional LMI based SMSC under three dynamic load conditions (i.e., sudden speed change, sinusoidal speed change, and sudden load torque change) with 150% parameter uncertainties. In the future, the proposed ASGT term can be widely extended to various controller designs such as position controller, current controller, and torque controller due to its capability that can optimize the control gains by its adaptive characteristics. His current research interests include digital signal processor-based electric machine drives, distributed generation systems using renewable energy sources, and power conversion systems and drives for electric vehicles. VOLUME 7, 2019 
